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(54) METHOD AND APPARATUS FOR ULTRASONICALLY DETECTING FLAW ON SURFACE OF 
CIRCULAR CYLINDER, AND METHOD OF GRINDING ROLL UTILIZING THE SAME 



(57) The invention is for ultrasonic testing using sur- 
face waves, and its object is to prevent false detection of 
primary cracks, to lower the level of structural noises 
from grain boundaries, and to improve the detectability 
in the ultrasonic testing. 

Concretely, in surface wave testing of hot rolling 
rolls, used is a surface wave probe 10 capable of trans- 
mitting and receiving a surface wave and provided with 
a piezoelectric element 10A, a resin wedge 10C dis- 
posed on the front surface of the piezoelectric element 
10A and a damping block 10B disposed on the back 
surface thereof, and the surface wave probe 10 is driven 
to produce a short pulse having a pulse length of being 
at most 2.5 times the wavelength of the surface wave to 
be produced. In this, a coupling liquid medium is sup- 
plied to the probe 10 in accordance with the peripheral 
speed of the roll to be tested. Depending on the height 
of the reflected waves measured, the grinding allow- 
ance of the roll is determined, and the roll is ground 
according to the thus-determined grinding allowance. 
The roll may be tested while being partly ground, and 
the optimum grinding allowance of the roll may be deter- 
mined. 



FIG. 1 



S1 10A: (PIEZOaECTWC ELEMENT) 




ioet 

(DAMPING BLOCK) 



(RESIN WEDGE) 



Primed by Xerox (UK) Business Services 
2.16.7/3.6 



SDOCID: <EP 0965839A1 I > 



75 



20 



30 



35 



40 



EP0 965 839 A1 

Description 

TECHNICAL FIELD 



10 



BACKGROUND OF THE INVENTION 



45 



50 



55 



llsissiil 

. MS 



iDOCID: <EP__0965839A1J„> 



2 



EP 0 965 839 A1 



are removed. The depth of the primary cracks K remain is considerably shallow, the amplitude of the wave reflected on 
each primary crack K remains is very small. However, in the surface of the roll, there are innumerable primary cracks K 
remain, and there are also innumerable reflectors by which the surface waves are reflected. Where a structure (herein 
roll) having such innumerable small reflectors is tested by surface waves having a wavelength of X t there always exist 
5 combinations of small reflectors between which the difference in the distance from the surface wave probe 10 is A72, as 
shown in Fig. 21. Fig. 21 shows examples of the combinations of such small reflectors, in which small reflectors K1 to 
K4 correspond to the combinations. 

[0008] Where the region in which the small reflectors K1 to K4 exist is tested in a conventional manner using a narrow 
bandwidth pulse of which the length is at least 5 times larger than the wavelength of the resulting surface wave, small 

io reflected waves from those reflectors overlap in phase with each other, owing to the large pulse length, thereby enlarg- 
ing their amplitude to give a large reflected wave that may indicate the presence of just like a large flaw, as shown in 
Fig. 22. Specifically, since such a narrow bandwidth pulse of which the length is at least 5 times larger than the wave- 
length of the resulting surface wave is used in surface wave testing of high-speed tool steel rolls for former stands in 
finishing train, the amplitude of the reflected waves from the primary cracks K is detected too high in the test. As a result, 

is the rolls are to be ground until the amplitude of the reflected waves from the primary cracks K becomes lower than a 
predetermined voltage. Consequently, since the primary cracks K are almost completely removed, or that is, since the 
rolls are too much ground, the roll consumption is to increase. 

[0009] In this connection, it may be taken into consideration to elevate the threshold voltage that is settled for detect- 
ing flaws to a degree not bringing about false detection of the primary cracks K. However, elevating the threshold volt- 
20 age lowers the detectabilities of the test device, and therefore, there is a danger of overlooking cracks and the like which 
exist alone (these are produced by rolling accidents) and which must be detected. 

[001 0] The problems with the ultrasonic testing mentioned above are not related to only the primary cracks of rolls for 
rolling mills but also others. Where ordinary columnar structures of metal such as rollers and the like having a coarse 
grained structure and producing scattered waves at their grain boundaries are tested, using the conventional narrow 

25 bandwidth pulse, formed are high structural noises owing to the same mechanisms as those of the phenomenon previ- 
ously mentioned hereinabove. Therefore, there are the same problems as above with the ultrasonic testing of that type. 
[0011] On the other hand, the layer thickness of the thermal/mechanical damaged zone generated inside the rolls 
having been used in rolling greatly varies, depending on the length of the metal sheet rolled by the use of the rolls, the 
rolling speed, the condition for cooling the rolls, the material of the rolls (even rolls of the same type often differ in the 

30 details of the material owing to the difference in the manufacture method for the material), etc. Therefore, where the rolls 
are ground by a predetermined constant grinding allowance, there occur the problems mentioned below. 

© Where the thermal/mechanical load imparted to the rolls is small and the layer thickness of the thermal/mechan- 
ical damaged zone generated inside them is thin, the rolls are ground to remove even the part not damaged (over- 

35 grinding), or that is, the rolls are too much ground, whereby the roll consumption increases. 

@ Where the thermal/mechanical load imparted to the rolls is large and the layer thickness of the thermal/mechan- 
ical damaged zone generated inside them is thick, the damaged zone still remains even after the rolls are ground 
by a predetermined constant grinding allowance. When the thus-ground rolls are tested, some false indications 
occur. In that case, the rolls will have to be further ground. However, since the layer thickness of the remaining ther- 

40 mal/mechanical damaged zone is not clarified, the grinding allowance of the additional grinding must be the same 
as that of the initial grinding. In most cases, therefore, the rolls are too much ground (overground), or that is, the 
degree of the total grinding is too large, whereby the roll consumption increases. 

® The overall time taken for grinding the rolls is prolonged by the time taken for the over grinding, and the roll 
grinding efficiency is lowered. 

45 

[0012] In the ultrasonic test apparatus disclosed in JP-A- 7-294493, nothing is taken into consideration relative to the 
relationship between the rotating speed of the structure to be tested and the necessary amount of the coupling liquid 
medium. However, depending on the rotating speed of the structure to be tested, the amount of the coupling liquid 
medium that is trained by the rotating surface of the structure being tested varies. For example, with the increase in the 

so rotating speed of the structure being tested, the amount of the coupling liquid medium that is taken out of the gap 
between the probe and the surface of the structure increases, thereby resulting in that the amount of the coupling liquid 
medium to be in the gap between the probe and the surface of the structure is short. As a result, ultrasonic waves could 
not be well transmitted into the structure to be tested, and some surface flaws of the structure could not be detected. 
On the contrary, when the rotating speed of the roll is slow, the surplus coupling liquid medium flows out ahead of the 

55 probe, thereby attenuating surface waves. In that case, some surface flaws of the structure could not be detected. 
[001 3] No concrete disclosure is given in JP-A-4-276547 and JP-A-7-294493, relating to the surface wave probe used 
therein, and therefore the details of the probe are unknown. However, it may be considered that a conventional known 
surface wave probe would be used therein. One conventional surface wave probe comprises a piezoelectric element, 
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from the flaws, even when the materials of the rolls differ owing to the difference in the production method, and in which 
the incident angle for the probe is specifically defined. 

DISCLOSURE OF THE INVENTION 

5 

[0027] The invention is a method for ultrasonic testing of columnar structures, in which a surface wave probe is con- 
tacted with the surface of a rotating columnar structure via a coupling liquid medium existing therebetween, and a sur- 
face wave is propagated into the columnar structure from the surface wave probe while the probe receives the reflected 
waves from the flaws existing in and just below the surface of the columnar structure so as to detect the flaws. In the 
io method, where the center frequency of the surface wave to be transmitted and received by the surface wave probe is 
fc in the frequency spectrum, the frequency bandwidth within which the spectrum magnitude falls the range between 
the peak value and the peak value - 6 dB covers at least 0.50 fc or larger. The method of the invention has attained the 
above-mentioned first subject matter. 

[0028] In the ultrasonic testing method of the invention to attain the above-mentioned first subject matter, the pulse 
is length of the surface wave pulse which the surface wave probe transmits and receives is at most 2.5 times the wave- 
length of the surface wave that propagates on the columnar structure. 

[0029] The invention is also an apparatus for ultrasonic testing of columnar structures, in which a surface wave probe 
is contacted with the surface of a rotating columnar structure via a coupling liquid medium existing therebetween, and 
surface waves are propagated into the columnar structure from the surface wave probe while the probe receives the 
20 reflected waves from the flaws existing in and just below the surface of the columnar structure so as to detect the flaws. 
In the apparatus, the surface wave probe that transmits and receives the surface wave is provided with a wedge as dis- 
posed on the front surface of The piezoelectric element of the probe and with a damping block as disposed on the back 
surface of The piezoelectric element. The apparatus of the invention has attained the above-mentioned first subject 
matter. 

25 [0030] In the invention, the piezoelectric element material is any of a lead meta-niobate. a lead titanate, a 1-3 type 
piezocomposite material (this is composed of rods of lead zirconate titanate (hereinafter reff erred to as PZT) set in an 
epoxy resin matrix), a 0-3 type piezocomposite material (this is a piezoelectric material having piezoelectric ceramic 
grains as uniformly dispersed in polymer matrix), or a 3-1 type piezocomposite material (this is a piezoelectric material 
as prepared by forming a large number of through-holes in a plate of lead zirconate titanate (PZT) followed by casting 

30 an epoxy resin or the like into those through-holes and solidifying it therein). 

[0031] In the invention, the wedge is made of a polyimide resin, a polystyrol resin, an acrylic resin, or a fluorine resin 
(Teflon). 

[0032] As shown in Fig. 1 , the surface wave probe 10 of the invention is essentially composed of a piezoelectric ele- 
ment 10A, a damping block 10B and a resin wedge 10C. When the center frequency of the surface wave which the sur- 
35 face wave probe 10 transmits and receives is represented by fc, then the frequency bandwidth for the probe 10 is 
defined to be at least 0.50 fc or larger. 

[0033] Specifically, when the frequency spectrum of the surface wave which the surface wave probe 1 0 transmits and 
receives is to have a frequency distribution as conceptually shown in Fig. 2, the frequency bandwidth within which the 
spectrum magnitude (signal magnitude) falls the range between the peak value and the peak value - 6 dB and which is 
40 represented by (fR - fL) is defined to satisfy the following formula (2): 

f R - fL § 0.50 fc (2) 

[0034] In the invention, as above, the frequency bandwidth for the surface wave probe 1 0 is broad and is equal to or 
45 larger than 0.50 fc. The concrete constitution of the surface wave probe 10 is described. As the piezoelectric element 
10A, usable are any piezoelectric material having a low mechanical Q value such as lead meta-niobate, piezocomposite 
material illustrated in Figs. 23 to 25, etc., or any other piezoelectric material capable of being mechanically damped with 
ease even though having a high mechanical Q value, such as lead titanate, etc. The mechanical Q value as referred to 
herein is meant to indicate the sharpness of the resonance. Piezoelectric elements having a larger mechanical Q value 
so vibrate for a longerduration when they are driven by electric pulse. The center frequency fc of the surface wave to be 
transmitted and received by the probe must be chosen depending on the grain size and the surface roughness of the 
material to be tested. For example, for rolls for rolling mills, the center frequency fc preferably is chosen between 1 and 
4 MHz. 

[0035] The damping block 10B is made of a solid substance to be prepared by mixing a fine powder having a large 
55 specific gravity, such as metallic tungsten or the like, with an epoxy resin or the like followed by solidifying the resulting 
mixture. The damping block 10B is attached to the back surface of the piezoelectric element 10A, by which the defor- 
mation of the piezoelectric element 10A is damped. The damping block having a larger volume fraction of the heavy 
powder such as metallic tungsten or the like is to have a larger weight and its damping effect on the piezoelectric ele- 
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[0045] Next, materials suitable to the piezoelectric element 1 0A and those suitable to the resin wedge 1 0C were inves- 
tigated in detail. As the damping block 1 0B, used was a solid mixture of an epoxy resin and a metallic tungsten powder, 
as in the above. In the mixture, the volume fraction of the metallic tungsten powder to be mixed with the epoxy resin was 
80 %, 60 %, 40 % or 20 %. For the piezoelectric element 10A, selected were a lead meta-niobate, a lead titanate, lead 

5 zirconate titanate (PZT), barium titanate, lithium niobate, a 1-3 type piezocomposite material (Rg. 23), a 0-3 type pie- 
zocomposite material (Fig. 25), and a 3-1 type piezocomposite material (Fig. 24); and tor the resin wedge 10C, selected 
were a polyimide resin, a polystyrol resin, an acrylic resin, and a fluorine resin (Teflon). Different surface wave probes 
were produced in that manner, and tested to measure the frequency bandwidth and the pulse length of the surface 
wave to be transmitted and received by them. In addition, in the same manner as in the test for the data shown in Rg. 

70 5, those surface wave probes were further tested to measure the height of the reflected waves from the primary cracks 
K in the same work roll for former stands in finishing train as that used in the test for the data in Fig. 5. For this, the height 
of the reflected waves was represented with reference to the height of the reflected wave from a drilled hole that had 
been drilled toward the radial direction to have a diameter of 1 mm and a depth of 1 mm, just in the same manner as in 
the test for the data in Fig. 5. The data obtained in the test in which the damping block 1 0B used had a volume fraction 

75 of the metallic tungsten powder of 80 % are shown in Table 2; those in which the damping block 10B used had a volume 
fraction of the metallic tungsten powder of 60 % are shown in Table 3; and those in which the damping block 10B used 
had a volume fraction of the metallic tungsten powder of 40 % are shown in Table 4. In those Tables, the data of the 
probes with which the reflected waves from the primary cracks K had a height of larger than -11 dB (that is, the height 
of the reflected waves from the primary cracks K as seen by the use of the probes was not lower by at least 3 dB than 

20 that as seen by the use of conventional probes) were omitted, except those of the probes having a PZT The data of the 
probes having a PZT are in those Tables as comparative data. Table 5 shows the data obtained in the test in which the 
damping block 1 0B used had a volume fraction of the metallic tungsten powder of 20 %. As shown in Table 5. the height 
of the reflected waves from the primary cracks K was higher than -1 1 dB. Referring back to Tables 2 to 4, it is under- 
stood that, in all cases, the lead meta-niobate, the lead titanate, the 1 -3 type piezocomposite material, the 0-3 type pie- 

25 zocomposite material and the 3-1 type piezocomposite material are all usable as the piezocomposite material 10A. It is 
also understood therefrom that the polyimide resin (having an attenuation coefficient at 2 MHz of 1.2 x 10" 2 dB/m), the 
polystyrol resin (having an attenuation coefficient at 2 MHz of 1 .3 x 10~ 2 dB/m), the acrylic resin (having an attenuation 
coefficient at 2 MHz of 1 .8 x 1 0" 2 dB/m), and the fluorine resin (Teflon, having an attenuation coefficient at 2 MHz of 1 .8 
x 1 o* 2 dB/m) are all usable as the resin wedge 1 0B. Accordingly, it is known that the wedge member may have an atten- 

30 uation coefficient at 2 MHz of not larger Than 1 .8 x 10 2 dB/m. Comparing the data in Tables 2 to 4 with those in Table 
5, it is understood that the volume fraction of the metallic tungsten powder to be in the damping block 10B must be at 
least 40 % or larger. 

[0046] Using a conventional surface wave probe, of which the pulse length is 5 times the wavelength of the surface 
wave to be produced, in a substantially same condition, we, the present inventors carried out an experiment of ultra- 

35 sonic testing of work rolls for former stands in finishing train. Through that our experiment, we confirmed that the height 
of the reflected waves from the primary cracks as seen in the testing just before the final roll grinding process was 
higher by 3 dB than that as seen in the testing after the final roll grinding process. Accordingly, it is believed that, if the 
height of the reflected waves from the primary cracks K seen in the ultrasonic testing be reduced by at least 3 dB, the 
number of the roll grinding repetitions could be reduced by at least one time. In this connection, the roll grinding can be 

40 finished when the height of reflected waves from the primary cracks on the ground roll are equal to or lower than pre- 
determined threshold voltage. 

[0047] Accordingly, as shown in Fig. 5, when the pulse length of the surface wave probe, with which the data of the 
height of the reflected waves from the primary cracks measured is lower by at least 3 dB than the data C1 as measured 
with the conventional surface wave probe whose pulse length is 5 times the wavelength of the surface wave to be pro- 
45 duced, is at most 2.5 times the wavelength of the surface wave to be produced, then the difference between the meas- 
ured data A3 and C1 is 3 dB. In that case, therefore, the number of the roll grinding repetitions could be reduced by at 
least one time. 

[0048] Again referring back to Fig. 3, it may be said that the bandwidth of the surface wave probe capable of trans- 
mitting and receiving surface waves of which the pulse length is at most 2.5 times the wavelength of the surface wave 
so to be produced is suitably 50 % or larger. Accordingly, it is understood that defining the frequency bandwidth for the sur- 
face wave probe to be 0.50 fc or larger is effective for reducing any overgrinding of rolls to be caused by false detection 
of primary cracks of the rolls. This is the ground for defining the frequency bandwidth for the surface wave probe to be 
0.50 fc or larger in the invention. 

[0049] As has been described in detail hereinabove, a specific surface probe is used in the invention, for which the 
55 frequency bandwidth is defined to be 0.50 fc or larger and the pulse length is to be at most 2.5 times the wavelength of 
the surface wave to be produced. Comparing the data as measured by the use of the conventional surface wave probe 
of which the pulse length is about 5 times the wavelength of the surface wave to be produced (in Fig. 5, C1 point), and 
those as measured by the use of the specific surface wave probe of the invention (in Fig. 5, A1 to A3 points), it is known 
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contacted with the surface of the columnar structure to be tested via a coupling medium existing therebetween at an 
incident angle ei to be defined by the above-mentioned formula (3) and where the front surface of the piezoelectric ele- 
ment of the probe is attached to the thus-inclined surface of the wedge, the surface waves having been transmitted by 
the probe can be well propagated into the surface of the columnar structure. 

s [0055] We, the present inventors further carried out still another test experiment using a high-speed tool steel roll hav- 
ing artificial flaws therein. In the experiment, the rotating speed of the roll was varied, and a varying amount of a cou- 
pling liquid medium (as the medium, water was used in the experiment) was applied to the rotating roll in order to 
determine the suitable amount of the coupling medium via which the ultrasonic wave having been produced by the 
probe could be stably transmitted into the roll surface without any surplus liquid medium flowing ahead of the probe, 

10 and the height of the reflected waves from the artificial flaws could be kept constant. The data obtained in the experi- 
ment are shown in Fig. 6. Where the amount of the medium (water) falls within the range as shadowed in the graph of 
Fig. 6, the ultrasonic waves from the probe are stably transmitted to the roll surface. From the data obtained, it is known 
that, with the increase in the rotating speed of the high-speed tool steel roll being tested, the amount of the liquid 
medium to be supplied to the rotating roll must be increased. Accordingly, when the rotating speed of the high-speed 

is tool steel roll being tested is monitored by means of a rotating speed monitor and the amount of the liquid medium to 
be supplied to the roll is controlled in accordance with the rotating speed of the roll by means of the flow control valve 
as provided to the couplant supply means, then a suitable amount of the coupling liquid medium can be supplied to the 
gap between the probe and the surface of the roll. In that manner, the transmission of the ultrasonic wave from the 
probe into the roll surface is stabilized, and any surplus liquid medium is prevented from flowing ahead of the probe. 

20 [0056] To attain the above-mentioned third subject matter, the invention further provides a method of grinding a roll of 
which the surface has been thermally/mechanically damaged. In the invention, a surface wave probe is contacted with 
a roll to be ground or being ground, via a membrane of a coupling medium existing therebetween, while the roll is 
rotated, so that surface waves from the probe is propagated into the roll surface while removing the liquid from the path 
of surface waves, and the height of the reflected waves from the thermally/mechanically damaged parts existing or 

25 remaining in the surface of the roll is measured, and the grinding allowance of the roll is determined in accordance with 
the thus-measured height of the reflected waves. 

[0057] The surface wave probe for roll testing in the invention is contacted with the surface of a rotating roll via a cou- 
pling medium existing therebetween, and this comprises at least a piezoelectric element and a wedge that introduces 
the ultrasonic wave from the piezoelectric element into the roll surface at an incident angle ei. In the invention, the probe 
30 is so disposed that it produces the surface waves into the roll surface and detects the flaws existing in and just below 
the roll surface using the thus-produced surface waves. In this, the incident angle 6i is defined to satisfy the following 
formula (4), by which the above-mentioned subject matter is attained. 

eUsin'^CW/CRav) (4) 

35 

wherein CW indicates the velocity of the ultrasonic wave in the wedge, and 

CRav indicates the mean value of the velocity of the surface wave traveling in each roll to be tested. 

[0058] The incident angle ei is an angle to the plane vertical to the roll surface. 

40 [0059] To attain the above-mentioned subject matter, the invention still further provides a method of defining the inci- 
dent angle for a surface wave probe for roll testing, in which the probe is contacted with the surface of a rotating roll via 
a coupling medium existing therebetween, and this comprises at least a piezoelectric element and a wedge that intro- 
duces the ultrasonic wave from the piezoelectric element into the roll surface at an incident angle ei, while being so dis- 
posed that it produces the surface waves into the roll surface and detects the flaws existing in and just below the roll 

45 surface using the thus-produced surface waves, and in which the incident angle Gi is defined to satisfy the above-men- 
tioned formula (4). 

[0060] Using the surface wave probe, we, the present inventors carried out still another experiment to know the rela- 
tionship between the height of the reflected waves from the thermally/mechanically damaged parts of a roll and the 
layer thickness of the still remaining, thermally/mechanically damaged parts of the roll (in the experiment, when the 

so height of the reflected waves measured is lower than the threshold voltage for flaw detection, we say that the remaining 
layer thickness of the damaged part is zero). In the experiment, we ground rolls that had been thermally/mechanically 
damaged in rolling operation, little by little, while measuring the height of the reflected waves from the ther- 
mally/mechanically damaged parts of each roll to know the relationship noted above. The data we obtained are in Fig. 
7, from which it is well known that, with the decrease in the remaining layer thickness of the thermally/mechanically 

55 damaged parts of the roll tested, the height of the reflected waves from the thermally/mechanically damaged parts low- 
ers. From the data in Fig. 7, obtained was the relationship between the grinding allowance of the roll for removing the 
thermally/mechanically damaged parts from the roll, and the height of the reflected waves from the thermally/mechan- 
ically damaged parts. This is as shown in Fig. 8. Accordingly before or during grinding rolls, the height of the reflected 
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grinding of the part not mechanS™^^^^ ? P '° tted in F ' 9 ' * that any over- 

completely remove the thermally dS£K ca^be D^mL^ ? be rem ° Ved> a " d any 9rindin9 ,ai,ure *> 
[0*1] .n one preferred .J^SZS^SnS 9 9 °' "* * ^ 

to be ground, at which the height of the reflected wave! 9 are moved t0 the P° silion of »» r °" 

the largest, and the roll is ground by meare r ° m n the h , ^ mally/mechanical| y da ™9«* parts of the roll is 
rement in diameter of the °« by S^S^ZS^ 1Z£X£Z> TT" ^ ^ ^ 
aged parts reaches a predetermined level or lower is maallJSfS^r . «hermally/mechanically dam- 
measured decrement. After that the roll im^Z^^ r?" 8 a,l0WanCe * determined from »» 
in that manner, the optimum grinding St^XS "* ^ 9**9 allowance. 

from the thermally/me^ the height of the reflected waves 

remaining therrrally/mechanically damaged^ ^ a ,ar9est W**s ol the 

this, a roll may be ground as shown in F&. h!£ IZS^STTZ* ^ ^ ? ' Ha ™ 9 ^ 
are located to the roll 1 10 at the same position frtttLta ?hl , w 9nnder and 1,16 surface wave P«*e 10 

waves from the thermaHy/mechSy^Tg^ 
of plunge grinding until me he,grrt d ie refleW^ 

reaches a predetermined threshoW Ct* ^^ISS^!!^ ^ * ,he r °" 

m diameter of the roll to be thus ground is the MnatSS^L ,0Sur ^ ce detesting, and the decrement 
parts from the entire surface of the ran to££EZ T^T *" '"^'Mechanically damaged 

roll may be ground. COrd ' n9 1 ° 1,16 "^termmed grinding allowance, the entire surface of the 



BRIEF DESCRIPTION OF THE DRAWINGS 
[0063] 



Fig. 2 is a graph for explaining the frequency bandwidth for the surface wave probe 

of the invention. PP 93P b6,Ween *" probe and "» r °»- *«* * tor explaining the principle 

fig. 7 is a graph showing the relationship between the heiaht of the 
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Fig. 1 5 is a side view showing the outline of the constitution of the third embodiment of the ultrasonic test apparatus 
of the invention. 

Fig. 16 is a side view showing the outline of the constitution of the fourth embodiment of the ultrasonic test appa- 
ratus of the invention. 

5 Fig. 17 is a graph showing the data of the height of the reflected waves from artificial flaws in five rolls, for which 

were used a probe F of the invention and conventional probes G, H. 

Fig. 18 is a graph showing the data of the signal-to-noise ratio for the reflected waves from artificial flaws in five 
rolls, for which were used the probe F of the invention and the conventional probes G, H. 

Fig. 1 9 is a graph showing the data of roll testing for 20 surface flaws, in terms of the signal-to-noise ratio, for which 
io were used the probe F of the invention and the conventional probes G, H. 

Fig. 20 is a conceptual view for explaining the cracks to be formed in the surface of a work roil for former stands in 
finishing train, in the circumferential direction of the roll. 

Fig. 21 is an explanatory view showing the relationship between the position of a surface wave probe and that of 
small reflectors 

75 Fig. 22 is an explanatory view indicating the relationship between the waveform to be observed in a conventional 
method, and the reflected waves from small reflectors. 

Fig. 23 shows one example of the piezoelectric element for the invention (this is a 1-3 type piezocomposite mate- 
rial). 

Fig. 24 shows another example of the piezoelectric element for the invention (this is a 3-1 type piezocomposite 
20 material). 

Fig. 25 shows still another example of the piezoelectric element for the invention (this is a 0-3 type piezocomposite 
material) . 

BEST MODES FOR CARRYING OUT THE INVENTION 

25 

[0064] Embodiments of the invention are described in detail hereinunder, with reference to the drawings. 
[0065] Fig. 10 is a side view showing the outline of the constitution of the first embodiment of the ultrasonic test appa- 
ratus of the invention 

[0066] The ultrasonic test apparatus of this embodiment is for testing the roll 1 1 0, and its basic constitution comprises 
so a roll rotating device for rotating the roll 1 10, a surface wave probe 10 for transmitting and receiving the surface waves 
in the roll 1 10, a probe holder 12 for holding the probe 10, and a couplant supply means for supplying a coupling liquid 
medium (water) to the gap between the surface of the roll 110 and the surface wave probe 10. The supply means is 
connected with the holder 12, and this will be described hereinunder. 

[0067] For simplifying the drawing, the roll rotating device is not shown therein. This may be any known one, provided 
35 that it acts to rotate The roll 1 10 to be tested in the circumferential direction C of the roll. 

[0068] For the surface wave probe 10, the type of the piezoelectric element and the composition of the damping block 
are so designed that the probe 10 can transmit and receive a surface wave having a frequency bandwidth of at least 
0.50 fc or larger and having a pulse length of at most 2.5 times the wavelength of the surface wave. 
[0069] The surface wave probe 1 0 is so disposed relative to the rolll 1 0 to be tested that the gap between the probe 
40 1 o and the roll 110 could be filled with water (coupling liquid medium). In that condition, an ultrasonic wave is transmit- 
ted into the surface of the roll 1 1 0 via water to produce surface waves that is propagated into the surface of the roll 110, 
and the probe 10 receives the reflected waves to detect the surface flaws in the roll 110. 

[0070] The probe holder 1 2 holds the surface wave probe 10, and is supported by the supporting member 1 8 as fitted 
to the lower part of the guide 16, and the guide 1 6 is slidable up and down relative to the fixing member 14 as positioned 
45 above the roll 1 10. The supporting member 18 is provided with a pair of rollers 20 at its front and back, and the rollers 
20 total four. Between those rollers 20, disposed is the probe holder 12. When the apparatus is operated for roll testing, 
these four rollers 20 are rotated while being kept in contact with the surface of the roll 1 10 so as to stabilize the test 
scanning. 

[0071] The fixing member 14 is provided with a motor 14A which is to supply power for sliding up and down the sup- 
so porting member 18 along the guide 1 6, through a known mechanical means (not shown), and with a fitting base 1 4B for 
the motor 14 A. 

[0072] The fixing member 14 can be scanned in the axial direction of the roll 1 10 by a scanning means (not shown), 
whereby the surface wave probe 10 can be scanned in the axial direction of the roll 110. 

[0073] The probe holder 12 is fitted to the lower end of the rod member 12A, and the rod member 12A is loosely 
55 clamped to the supporting member 18 so that it is movable up and down relative to the member 18. In that condition, 
the probe holder 12 is supported by the supporting member 18 while it is all the time pressed downward in the drawing, 
or that is, against the surface of the roll 110 by means of springs (not shown) provided at predetermined positions 
around the rod member 12 A. 
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35 



40 
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Eent^^ 

toward the roll 110. ° " 110 and whlch profrude from «*™»th the surface wave probe 10 

• SUe^^^ 

above-mentioned following rollers 22 is rota X£ J ^lih ^ J ^ 1 I 60110 " 0< 1,16 r0 " 1 10) ' and each ° f 
oted on the probe holder ,2 fec^SS^^S^S^ ** man " er ' the followin 9 rol,ers 22 « 
in contact with the surface of the rolM ^ 

1 2 noted above, the surface wave probe to ? hew aL 6 .^M tn h 9 1 ° ,hS of ,he > robe 

« ensured all the time between the probe^O ar2 S ro,mo " ^ ' ^ ** 3 V**"™" ffP * 

EsaTd^^ 

means) 26 existing inside . Water having ^w&^^SF" "* " SUPp!y < wa,e ™PP'ying 
let out through the outlet ho.e 26B torrS me ttttlm 2IT , 0nCe * 0r6d in 816 ^ ^ 26 * and I 

» layer is formed between the mmJ^^^^'^^ h | hat man ^ a "on-bubbling water 
one. and the detailed desc, „oon of ,«s st, i "** ^ * hn - B ^"fr™ 1 

Ee^pS 

into path of the surface waves on the roll reman.ng on the surface of the roll and flowing 

Sensl^ 

tion through me gap between me IZE£Z£L t T ' ^T" 9 ^ * UKfaSOniC wav ° eW 

1 0 is scanned and moved on me surface TZ^Tu o a ^ SUrtaCe0f ^ rMmi0 ^^^^L 

Sst^^^^^ too. steel rolls, for former stands in finishing train 

cracks which are so-ca^Tre^ac^^ T^^^^^^^n^^^^ 
test apparatus equipped * °h ■ T «*» 

length of the surface wave to be ^ P ■ ^ th6 P"' 36 ,en9th is about 5 me 

^minalameterofeachXgn^SSaTo ^.J^^l ^ ^ ™- ^ a « ft.d.w. 
was 0.33 mm on me average.^ ^^^S^S^^S'T^^^^ 
th,s embodiment was 0.2 mm on the average™ i "th S^S^J 01 ^ 9nnd,n9 by means 01 the of 
based on the technk,ue of the **JZ2l£*£3^ decrement in diameter of rolls by grinding 
technique, in mis connection it was cort SrStS Xn?ht J J ' !! C0mpB8d that based on the conventional 
ner on me basis of the techn^o^nS I^^^JSX H ^ bMn in ™ ™" 
appeared in the rolled sheets owing , 0 the ^S^^o^^S^^ the degree of the surface defects that 
~eshe^^ 

SsTa^ 

[0081] in this embodiment me roll i io . ■* k! ™ u « detail hereinunder. 

by the rotating speed mS 32 I^^SSSS!^ ** Speed « ^ ro » is «*"*»* 

the water su PP .y, and me water ^ nSHlToSS Tas 2 ST 34 COnnected wi » 

outputted by the surface wave probe 10 are inS 2^ ® Prefefred range 35 in R 9- 6 - ™e signals 

utt^sonic P u.ser/receiver40 ^^tZT^TItT detect0 ^« circus 44 processed b? me 
[0082] The ultrasonic pulser/receiver 40 is to supply an electric n„k 0 ♦« «,,» . ^ 

surface waves. In mis pulser/receiver 40 ^ti^h!^^^^^^^ 10 Pacing the 
necessary forf^ 

flaw detection are extracted from me signals having been °oS£SS. * 9 9 ^ 42> s, ' 9na,s ,or 
putted to me peak detector/comparator circuitTln^ 

signals having been outputtedTom ^^^^^i^SS^TTT^ * *" ^ 01 *» 

or in mis. me level of me signals from the gatinZcurt it t, ! e k thus - de,ec,e d signal is outputted from it; 
when me level of the mus-c«mared^aral TZ ?*° nl ^TT^ Wrth 3 P redetermi "ed threshold voltage and 
in me ro,l being tested is ZZZZ, T, ZZIT™^™ 42 " ^ ^na.s that indicate me 

presence of flaws 

vah/e 34 accoitling to the rotating speed (pei^heraT^eecn ofthM ml? t'tt?*! controlled by the flow control 
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bottom of the storing body 26A. In that manner, a non-bubbling water layer is formed between the surface wave probe 
10 and the roll 110. 

[0084] The others in this embodiment are the same as those in the first embodiment noted above and are designated 
by the same reference numerals as in the first embodiment. The detailed description of these others is omitted herein. 
£ [0085] High-speed tool steel rolls having surface flaws were tested by use of the apparatus of this embodiment, while 
their rotating speed was varied from 25 rpm to 50 rpm. The data obtained for the relationship between the height of the 
reflected waves from the flaws and the rotating speed of each roll are shown in Fig. 14. From these, it is known that the 
apparatus of this embodiment well detect the surface flaws in the high-speed tool steel rolls tested, irrespective of the 
rotating speed of the rolls. 

70 [0086] Next, referring to Fig. 15, the third embodiment of the invention is described in detail hereinunder. 

[0087] In this embodiment, rolls to be ground or being ground are tested by means of surface waves. Specifically, in 
the apparatus of this embodiment, the height of the reflected waves from thermally/mechanically damaged parts of the 
roll no is measured, and the grinding allowance for the roll 1 10 to be ground is transmitted to the grinder 60 in which 
the roll 1 10 is ground. The grinder may be any known conventional one. and is not shown for simplifying the drawing. 

75 [0088] The surface wave probe 1 0 is connected with the ultrasonic flaw detector 50, and an electric pulse is supplied 
to the surface wave probe 10 from which the surface wave produced is transmitted into the roll 110. In the ultrasonic 
flaw detector 50, the signals which the surface wave probe 10 has received and outputted to the ultrasonic flaw detector 
50 are amplified to a level suitable to flaw detection. The ultrasonic ultrasonic flaw detector 50 is provided with a gating 
circuit (no shown) that may be the same as in the second embodiment, and the reflected waves from the ther- 

20 maJly/mechanically damaged parts in the roll 110 are extracted from the amplified signals in the gating circuit. In the 
ultrasonic flaw detector 50, the height of the thus-extracted, reflected waves is measured. Having been thus measured 
in the ultrasonic flaw detector 50, the data of the height of the reflected waves from the thermally/mechanically dam- 
aged parts are transmitted to the computer 52, in which the grinding allowance for removing the thermally/mechanically 
damaged parts is determined with reference to the relationship as shown in Fig. 8. The thus-settled data of the grinding 

25 allowance are transmitted to the grinder 60. in which rolls are ground with, for example, a grindstone. 

[0089] The others in this embodiment are the same as those in the first and second embodiments noted above and 
are designated by the same reference numerals as in them. The detailed description of these others is omitted herein. 
[0090] According to this embodiment, 200 work rolls for former stands in finishing train were tested, and the decre- 
ment in diameter of each roll by grinding was measured. Apart from this, the decrements in diameter of the same rolls 

so by grinding based on a conventional method were presumed from the actual decrements measured. In a conventional 
method, the rolls are repeatedly ground by a predetermined grinding allowance until the height of the reflected waves 
from the thermally/mechanically damaged parts becomes lower than a predetermined threshold voltage in the surface 
wave testing after ground. The above-mentioned actual decrement was measured after the grinding based on the 
method using the apparatus of this embodiment of the invention. The presumed decrement in diameter in the conven- 

35 tional method was 0.23 mm on the average. As opposed to this, the decrement in diameter by grinding based on the 
method of the invention for suitable grinding of rolls was 0.18 mm on the average. This means that the decrement in 
diameter by grinding based on the method using the apparatus of this embodiment is lower by at least 0.05 mm than 
that based on the conventional method. 

[0091] Next, referring to Fig. 16, the fourth embodiment of the present invention is described in detail hereinunder. 

40 [0092] In this embodiment, provided is a position monitor 36 for monitoring the position of the surface wave probe 10 
relative to the axial direction of the roll being tested. The data of the position of the surface wave probe 10 having been 
monitored by the position monitor 36 are transmitted to the computer 52. In surface wave testing of rolls to be ground 
or being ground according to this embodiment, the position of the surface wave probe 1 0 that is in contact with the spe- 
cific place of the roll at which the height of the reflected waves from the thermally/mechanically damaged parts is the 

45 largest is determined by the position monitor 36. For so-called plunge grinding based on this embodiment, as shown in 
Fig. 9. the surface wave probe 10 and the grindstone 62 are mechanically so aligned that the two are to be contacted 
with the roll 1 10 at the same position relative to the axial direction of the roll 110. 

[0093] The others in this embodiment are the same as those in the third embodiment noted above and are designated 
by the same reference numerals as in the third embodiment. The detailed description of these others is omitted herein. 

so [0094] The operation of this embodiment is described in detail. First, while the roll 1 10 to be ground or being ground 
is rotated in its circumferential direction C, the surface wave probe 10 is scanned over the roll 1 10 in the axial direction 
of the roll 1 1 0. In that manner, the entire surface of the roll 1 1 0 is tested by use of the surface waves traveling thereon, 
and the height of the reflected waves from the thermally/mechanically damaged parts of the roll 1 1 0 and also the signal 
that indicates the position of the surface wave probe 1 0 are inputted into the computer 52. By the action of the computer 

55 52. the position of the surface wave probe 10 that is in contact with the specific place of the roll 1 10 at which the height 
of the reflected waves from the thermally/mechanically damaged parts is the largest is determined. 
[0095] Next, as shown in Fig. 9, the surface wave probe 10 and the grindstone 62 are moved to the thus-determined 
position of the roll 1 10, and the roll 1 10 is ground by means of plunge grinding while being subjected to surface wave 
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[0096] The thus-determined grlndtal^^S.? I 9 °' 1,16 r0 " is ,hus Cetermfned 

the roll is then ground. 9 ^ ' $ ,nputted ,n, ° ,he 9" nd * 60. in which the remaining surface area of 

by gnndng based on a conventional method ^S^i^t^^^ in diameter * 1,16 «•»» rolls 
method where the rolls are repeatedly ground bv a n^f ™V ^ decremen * measured.ln a conventional 
waves from the thermally/mechanica l y S ' 9 " ndin9 a ' ,0wance until height of the^eSa 

» surface wave testing afte" ground. CS^JSSJSS T 3 predete ™"«i threshold vottage t£ 
was 0.24 mm on me average. As opJS^IJSl^S b ~ d °" 1,16 ^ntionafm ^d 

•nm. for suitable grinding of rolls was 0.19 ^12 ^ * ^ 00 the metnod of the 
= m r u^ 

probes. F,g. 1 7 shows the height of the reflected 1 °, 6 ,nvent,0n and **» conventional surface wave 

» "al-tc-noiseratiooftherefleciedwaves^ 

u5eanere 1 nwasofapolystyrolresin(CW = 2340nV Sec i v "" uc ^" ,,0, 1 mm - »» wedge of the surface wave probe 
10100, The Mowing three surface wave probes were prepared and used. 

25 Probe F: 

.no to the formula (2) mentioned above « *£™iZ P ~T T* ™ n - <™ obtained was « «SJ 

* 48. 1 degree, This is P robe F, and this »a«n^^ was s ° Signed as to mee,T= 

Probe G: 

a <m««»l surface „a»e probe. u " ,aso " lc "■» "*«* » »» Po fray* resin. n» is Prt6e a 



35 



Probe H: 
[0103] 



45 



50 



55 



•^r**"" tbree probes. Probe F, p££o25 "*f ."~ ln,Ks "»*»«. «» «. 

and scope thereof. aw ana moa, " ecl ,n d,ff erent manners without overstepping the spirit 

havi^esLto 
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[0108] In the above-mentioned embodiments, water is used as the coupling medium. Apart from this, any other liquids 
such as oils, etc. may be used herein. 

[0109] The subjects to which the invention is applied are not limited to only rolls for rolling mills, especially to high- 
speed tool steel rolls, but include any columnar structures such as rollers of metals and others with no specific limita- 
tion. 



Table 1 



Roll No. (Roll Material) 


Manufacturer 


Production Method 


Surface Wave Velocity 
(m/sec.) 


#1 


A Company 


continuous casting with build-up surfacing 


3158 


#2 


A Company 


centrifugal casting 


3110 


#3 


B Company 


centrifugal casting 


3168 


#4 


C Company 


centrifugal casting 


3090 


#5 


D Company 


forging 


3180 
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[0110] According to the present invention tor surface wave testino fai«H at0 M- . • 
overling that causes the increase in the roll cons7mXS 

primary cracks and grain boundaries is lowered and tSSiSS^Sl ' fte ^ 01 Sfructual ™ sss 

[01111 In particular, in the process on lheSSJi2S?Y ■? f""** are great,y enhanced - 
aged in their surfaces whileLy are u^X^^ 

•ng to the height of the reflected waves from KeZS£2£-^ 1™*™ °' "* ro " * Se,t,ed accord " 
each roll by grinding is optimized to reduce I^S^SS^SS- ^ the decrement in *meter of 

[0112] In applications of surface wave teZ of rolls TEES VT™ the r °" 9rindi " 9 efficien< * 
duce and recerve me surface wave i££^£2£ZZ ZfZT*? ** SUrfaCe wave «" P'°" 
ferent methods. In those, therefore, one and the i S B ^ k ^ r °" materials as P roduce °- « * 
materials without exchanging it, and the surface wa? nrrZ? * *** ' S USable in tesfin 9 of of different 
to-noise ratios for the reflect* waves from Jaws C ° mm0n l ° SUCh rolls ensu «* increased sigrS 
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• A method for ultrasonic testing of columnar structures wherein » c 
of a rotating columnar structure via a c^mZ^^^^ ' S COntacted with surface 
■nto the co.umnar structure from said m^Z^^XSXST' "* pr0pa 9 ated 

flaws existing in and just below the surface of the^ESr * J P ^ re<lec,ed waves from »» 

the method being characterized in that wh^rl thf, , l B ° aS ,0 de1ect 831(1 

reived by satfLace w^ " ff^^'S^ 2 ^ * be a "* 

SsTo^^ 
ofa 1 ^ 

into the columnar structure from said surfare ^Z^Sl Z W3Ves are 

=r ndrece^ 

-"^^ 

gated into the columnar structure from said^Xcl SS^^^t 880 ' 9nd Surface « P'°P*- 
the flaws existing in and just below the sitec^mTZTj^ !l P ! reflected ™<* fr ™ 

theapparatus is characterized in,hatsar u 4lSvS 

vried with a wedge as disposed on the Iront sSeTS and receives the surface ^es ispro- 

°<°* as disposed on the ^ 

material, or a 3-1 type piezocomposite material P'^ocomposrte material, a 0-3 type piezocomposite 
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from the flaws existing in and just below the surface of the columnar structure so as to detect said flaws; 
the apparatus is characterized by comprising; 

a columnar structure-rotating means for rotating said columnar structure in the circumferential direction of the 
5 structure, 

a rotating speed- monitoring means for monitoring the rotating speed of the columnar structure being rotated 
by said columnar structure-rotating means, 

a holder means for holding said surface wave probe above the columnar structure to ensure a predetermined 
distance between the probe and the surface of the columnar structure, 

io a scanning means for scanning said holding means in the axial direction of the columnar structure, 

a couplant supply means capable of supplying a liquid medium to be a coupling medium for ultrasonic waves 
to the gap between said surface wave probe and the surface of the columnar structure and provided with a flow 
control valve capable of controlling the flow rate of the liquid medium in accordance with the rotating speed of 
the columnar structure to be rotated by said columnar structure-rotating means, 

is a surface wave probe which is provided with a piezoelectric element, a wedge disposed on the front surface of 

the piezoelectric element and a damping block disposed on the back surface of the piezoelectric element, so 
that, where the center frequency of the surface wave to be transmitted and received by said surface wave 
probe is fc in the frequency spectrum of the surface waves, the frequency bandwidth within which the spectrum 
magnitude falls the range between the peak value and the peak value - 6 dB covers at least 0.50 fc or larger, 

20 and that the surface wave probe is capable of detecting the flaws in the columnar structure by use of surface 

waves, 

an ultrasonic pulser/receiver capable of supplying to said surface wave probe, an electric pulse for producing 
surface waves and capable of amplifying the signals which said surface wave probe has received to a level nec- 
essary for flaw detection and outputting them, 
25 a gating means for extracting the signals for flaw detection from the signals which said ultrasonic 

pulser/receiver has outputted. and outputting them, and 

a peak detector/comparator means for detecting the amplitude of the signals which the gating means has out- 
putted, and outputting the thus-detected signals, or for comparing the level of the signals which the gating 
means has outputted with a predetermined threshold voltage and, when the level of the thus-compared signals 
30 are large, outputting signals that indicate the presence of flaws in the columnar structure being tested. 

9. The apparatus for ultrasonic testing of columnar structures as claimed in any one of claims 3 to 8, wherein said 
wedge has a bottom surface at which it is contacted with the surface of the columnar structure via a coupling liquid 
medium existing therebetween, and has an inclined surface of such that its normal line intersects the normal line 

35 of said bottom surface at an incident angle ei to be defined by the following formula: 

6i = sin _1 (Cw/Cr) 

where Cw indicates the velocity of the ultrasonic wave in the wedge, and 
40 Cr indicates the velocity of the surface wave traveling in the columnar structure, 

and wherein the front surface of said piezoelectric element is attached to said inclined surface of the wedge. 

10. The apparatus for ultrasonic testing of columnar structures as claimed in any one of claims 3 to 9, wherein said 
45 columnar structure is a high-speed tool steel roll. 

11. A method for grinding a roll having been thermally/mechanically damaged on its surface, which is characterized in 
that; 

so before or during grinding the roll, a surface wave probe is contacted with the surface of the roll being rotated, 

via a film of a coupling medium existing therebetween, and the height of the reflected waves from the ther- 
mally/mechanically damaged parts existing or remaining in the surface of the roll is measured in such a man- 
ner that surface waves are propagated into the roll from the surface wave probe while the liquid existing on the 
path of the surface waves is propagated is removed, and 

55 the grinding allowance of the roll is determined according to the thus-measured height of the reflected waves. 

12. The roll grinding method as claimed in claim 11, wherein the surface wave probe and a grindstone are moved to 
the position of the roll to be ground, at which the height of the reflected waves from said thermally/mechanically 
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13. The roll grinding method as claimed in claim 1 1 or 12 in „ 

be transmitted and received by said surface JJe pfobe E&tS!? heqU&Ky d the suria <* *™s to 
frequency bandwidth within which the spectrum magnftudVfa Z * V SPeCtrUm 0f «** surta « wave the 
value - 6 dB covers at least 0.50 fc or larger. 9 ^ ^ ra " 9e between »• P*k value and the peak 

14. The roll grinding method as claimed in any one of claims i , *> h • 

pulse which said surface wave probe transmrts and rl~Ji Whefe ' n the pu,se «* »» surface wave 
wave that propagates into said columnaSure * * " 2 5 « mes *• wav ^h of the sunX 

o. the velocity of the surface wave traveling in ^^S^^^^-^^^cC 

coupl.ng medium therebetween and comprfeeTat Sst a £0.1^?^ "* "* SUrfaCe of a ro,a «"9 roll 

^ ,0 ^ r0 " SUrfaCe 3t an ^ de " ISTS anX ^ 3 W6d 9 e *» intrcSucng an 

propagate surface waves into said roll- the method h*~'jT - P S 50 d,sposed 00 •» roll as to be able to 
-sfythefollowingformula: ** be,n9C ^^ 

ei = sin" 1 (CW/CRav) 
and the inckfent angle ei is an angle to the plane ver t ica , to the surface . 
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FIG. 1 
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FIG. 3 
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FIG. 4 
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FIG. 7 
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FIG. 11 
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FIG. 13 
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FIG. 15 
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FIG. 16 
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FIG. 17 
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FIG. 23 
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